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SUMMARY 


. The forms of compensation in the AFC and APC loops for the Mauler receiver 
are discussed.- Figure 1 presents the system block diagram. The equivalent 
linearized model is shown in Figure 2. Basic compensation considered for 
both AFC and APC loops are first order lag-lead networks. Effects of loop 
gains ad corner frequencies of the compensation networks are considered 
parametrically. 

The study is divided into three parts: (1) linearized system response 
to a ramp chang in doppler frequency without time delay, (2) system response 
to s ramp change in doppler frequency, (3) loop stability analysis. Responses 
for (1) were computed on the digital camputer. Responses computed for (2) 
utilized an analog computer simlation which included the non-linearity in 
the phase detector. The analysis under (3) includes effects of pure time 
delays in the IF amplifier and the discriminator. 4 


System parameters are selected on the basis of the following requirements: 
(1) Time delay < 1 millisecond 
(2) Adequate loop stability 


(3) Maximum pnase deviation in the APC loop during transient condition 
is not excessive. 


(4) Smallest possible IF error consistent with loop stability. 


(5) Adequate APC loop noise bandwidth (fixes APC gain and fflter time 
constants.) 


AFC Loop Gain = 1000 max. 


AFC Compensation = 1 + .002s 
+s 


APC Loop Gain = 4200 


APC Compensation = 1 + .0133s 
+ .¢8 


These values are based on the system requirements and realizability. 
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SYSTEM BLOCK DIAGRAMS 
Figures 1 and 2 are block diagrams of the AFC ard APC loops. 


BALANCED PHASE 
- papasees DETECTOR 


i” 
AMPLIFIER 


Figure 1 
System Hlock Diagran 


AD, 


ACCESSION ins 


Figure 2 
Linearized System Block Diagram 
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Ky = Disc. gain x local oscillator gain 


Ky, = Phase detector gain x VCO gain 


LINEARIZED SYSTEM TRANSFER FUNCTIONS 


The transfer functions of interest, namely the IF error and the phase 
error, are derived. From Figure 2 


A@p * AWa -AW, | (1) 
AWto Kj Ko (Tis + 1)(T3s + 1) 
AWa (T),8 + 1)(Tys@ + 8(1 + KyT)) + Ky) + KyXo(T3s + 1)(Ts + 1) 
(2) 
Combining equations 1 and 2 
1+Kk K 
AWa 1 2 1 + KT) Ky K,KoT1T 1 1 
ay [s a =| +“, “* * ts + 


(3) 
Equation 3 is the expression for IF error as a function of the doppler input. 
The phase error is obtained as follows 


Alien mf[ meri i 
AW = Ty. 6? + 01 + KT) + 
AS = = (Ads - AWyeo) (5) 
Liyto veo 2 Teri 
Air * Aa - Wr n : 
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Combine equations , 5, 6 and 7 to obtain 
As. (8 + #)(s +) 
AW  ' 2, 2 * XT) , XL) , KuKotyT ey | me 
(+g) [s oe) 7 | BAT (8 + Ne + fe) 


(8) 


Equation 8 is the expression for the phase error as a function of doppler 
frequency input. 


COMPUTATION OF PHASE LOCK LOOP NOISE BANDWIDTH 
Bandwidth is defined as 


tae. 
Ba +f [ool af (9) 


The APC loop noise bandwidth is determined with the aid of the following 
equation (Reference (2)). 


j~ 
1 c(s) cl-s 
2BWeps “ IN” OJ f ats) at-8) “* (20) 
-j~ 


where 


e(s) > Chol gr > cee Sg 


d(s) s dy gt + dn-1 stl + cee a, 


The value of this integral in terms of the coefficients of a second 
order closed loop response is 


ef 2 
lb Se (12) 


The APC loop has a closed loop transfer function 


Ades = __ "| 118 *? (12) 
AW, Tps* + o(1 + K)T)) + X] 
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Therefore from equation 12 the coetficients are defined 


e¢, * K,Ty . * Ky 

i & * G+ eh) 5 * % 
with 

K) sl 4200 T) = 2 Ty s 1.33(107°) 


The noise bandwidth results after substitution in equation (11) 


(4200)(1.33 x 1072 . 4200 + (4200)2(.2 


(13) 
(2)(.2) {1 +(b200)(1.33 x 1072)| 4200 


2BWy © 


2hWy = 17h cycles/sec 


SYSTEM TRANSIENT RESPONSE COMPUTED ON THE DIGITAL COMPUTER 


Equations 3 and 6 will now be used with several trial sets of parameters 
in order to gain an insight as to the effect of the lag-lead network in the 
AFC portion of the loop. The APC loop noise bandwidth will essentially be 
fixed at approximately 200 cycles/sec. APC loop gain will be kept high so 
that noise degradation, pull-in performance, and hold in performance are 
adequate (Reference (15). The AFC gain will be high so that system perfor- 
mance will not be to impaired as a result of the local oscillator gain 
change with frequency. 


Table 1 summarizes the parameters used in computing the transient 
responses. Table 2 gives the figure numbers for the transient response 
plots. 
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1 Figure 6 Figure Large phase overshoot 
Large IF error 
Heavy filtering AFC loop : 


Figure 7 Figure 5 If error reduced by 2 
: Phase error reduced by 2 
‘Figure 9 Figure 8 Phase overshoot reduced 
IF error greatly reduced 
AFC filtering reduced 
Figure 9 Figure 8 IF and phase error reduced 
by 2 


TABLE 2 
Case 1 
Kp = 500 i; = 0.333 radians 1/f, = 173 radians 
Ky, = 7500 )Ngpo = 200 radians/sec ee = «O.0OT 
tr © 1h) radians % = 5.35 radians 
AWrr(s) _ (s + 333) (s* + 2838 + (10+) (18) 


Aia®) s? + 5.18333(102)s* + 1.245(105)s + 6.69(106) 


(15) 


6 + 5. s+ 
+ 


aS oo ' 

Ala —g> + 5.48333(10%)s* + 1.245(107)8 + 6.69(10°) 
The resulting time solutions for a unit ramp doppler are 

Adlar(t) = .596(10")+,199(107)t-.547(107? )¢7 7992+, 264( 107% )_ “2396 » 


sin(161.5t + 6.10) (16) 
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A(t) s #84310) +,2658(10)¢+.1569(10~4)¢ =75.25t 


#62235(10~ "296+ 5b in(161.5¢+3.97) (17) 


Case 2 
Ky = 1000 f, = 0.33 radians 1/7; = 173 radians 
K, = 7500 CON Be = 200 radians/sec f aPC = 0.707 
t = 5.35 radians rt = 11 radians 
1 
AW)rrl s) - (3s + +333) (a2 + 283 s+ Meron.) (18) 


Awa’) 8? + 8.1333(102)s2 + 2.09h4(105)s + 1.392(107) 


As.) e (s + 5. 3h) (s + +333) —— (19) 
AWa s? + 8.1333(102)s2 + 2.09h4(10°)s + 1.392(107) 


The time solutions for a unit ramp input are 
Adker(t) = .267(10"2)+.957(10~2)¢~.282(1072 )e“LOLelit, 67g (1072) ¢7355t 
sin(102.6t + 6.26) (20) 


AB(t) = .407(10~)+,128(10~)¢+,125(1074)¢ ~LOLeLit 
+4350(1074 )¢- ~356t ( sin(102.6t+3.52) (2) 
Plots of equations 16, 17, 20 and 21 are presented in Figures , 5, 6 and 7. 


Case@ 1 and 2 are an example of an APC loop noise bandwidth of 200 cycles 
with heavy filtering on the discriminator output. 
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Case 3 
K,; = 4200 1/Ty = 75 radians . YT. = 5 radians 
Ko = 500 1/T3 = 500 1/1, ~ 10 radians 


Awrr(s) (s +10) (s? + 2838 + 2.1(10°) (22) 
AWgts) 83+3.093(103)s%+1.6 3128 (10°)s+1.0521(10°) 

A Gs - (s + 5) (s + 10) 
aRRC) “ (23) 


33+3.093(103)s2+1.63126(10°)s+1.0521(10°) 


The time solutions for a unit ramp input are 
Adirp(t) = -1995(1079)+.199(107*)t-.529(1074)¢ ~7h-B6t 


+4346 (1073 )¢ ~575-3t,1,88(1073) ¢ ~2hh2.6t (2h) 


=.10h(1075) ¢ ~575+3ts, 225/10) ¢ ~2hhi2obt (25) 
Case 
K; = 4200 1/t, = 75 radians 1/T, = 5 radians 
Ky = 1000 1/T, = 500 radians 1/1, = 10 radians 


AG) 1r(s) . (s + 10) (s@ z 283s _+ 2.1(104) ) 


6 

Au) d(s) 93+5,893(103)s2+3.21126(10°)s+2.1021(10°) (26) 

s). s + 10) (s + (27) 
Didal8) —934+5.893(103)s2+3..2h128(10°)s+2.1021(10°) 
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The resulting time solutions for a unit ramp input are 


AWre(t) = «979(1074) +1073 ¢~.263(107A)¢. -7h.93t 
+ #130(1073) ¢ ~530.6t ~.202(1073)¢ 5297. 5% (28) 


A lt) = .677(1077)+.238(10%) t+. 3h1(10%)¢ ~7h4-93t 


Figures @ and 9 present plots of equations 2h, 25, 28 and 29. 


COMPUTATION OF MAXIMUM TRACKING RATE 

The values of A(t) may be obtained from Figures 6 and 9 for unit ramp 
changes in the doppler frequency and substituted in the following equation 
to find the value of the phase error in degrees. 


B(t)degs. = 2 rf g(t) 180 = 30 f A(t) (30) 
ad radians 


where 


f = change in doppler frequency in cycles/seconi/second 
from Figure 6 a+)| at 5 milliseconds = 7.15(10°) 
radians 


from Figure 9 at) ms at 5 milliseconds = .55(10~) 
radians 


If 30 degrees is the maximum phase error allowed for good detection and the 
transient value is the limiting condition, then from Figure 6 


are ere 30 
F max “ 360 H(t] oon wee (38600(7-15) (20%) 


= 1.165(10") = 11.65KC/sec/sec (31) 
and from Figure 9 


£ nex = OH oo = GRICE 10l! = 151 KC/sec/see 


2005 sec (32) 
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These values are obtained for an AFC gain of 500, The IF error can 
be obtained fram Figures ) and & with the aid of the following equation 
Afum f(t). For example, from Figure 8 


£(t) | Wee * 2.80(107) for Kano ™ 500 


Afi ° 2:80 (1073) 151(103) = 2h cycles/seconds 


lF EAROR 2BwW 
wie [Se es Sess sre 
11.65 99 eps | .33 | 173 | 5.35 | yl 500 | 200 cps 
151 30° | 42k cps 500 75 | 4200 17 cps 


TABLE 3 
Table 3 illustrates the increase in tracking rate as 1/1), is increased 
with the maximum phase transient allowable not to exceed 30 degrees. This 
increase in tracking ability is to be expected since the system bandwidth 
is increased with an increase in 1/T),- 


LINEAR STABILTTY ANALYSIS 


The system without time delay presents no stability problem. The 
addition of the system time delay (phase lag) modifies the phase character- 
istics of the APC loop to the extent that unstable operation results when 
any realistic AFC gain is used. 


The loop phase and gain margin will now be investigated in conjunction 
with several forms of compensation. Consider the following loop: 


ne ee Semen —_-—— —=- _ 
— — 
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where G'(s) is the closed APC loop phase and gain response with a 1 milli- 
second time delay (Fi 11). Consider the case when G(s) = $ 

y gure 2? 200 
(Figure 12). The resulting open loop response (Figure 13) indicates that 
with Karo = 60 db the phase margin is 30 degrees and the gain margin is 


12 db. This compensation B ne adequate performance. If compensation 

of the form G(s) = \S + 200)\s_ + 400) is used (Figure 1), the open loop 
s + 2)(s + 4000 , 

response is shown in Figure 15. A comparison of the results obtained in 

using the two types of compensation clearly indicate that G(s) should be 


T3 s +1 in order to obtain stable performance. 
hsel 


EFFECT OF NON-LINEAR LOCAL OSCILIATOR ON IF ERROR 


The data presented is given for two specific AFC gain values, which 
are the local oscillator limits for a 100 KC deviation. It is intended 
that the oscillator will be positioned at launch such that the AFC gain will 
be 1000. As noted from a comparison of cases 1 and 2 or cases 3 and ) there 
is a reduction in the IF transient with an increase in AFC gam. Im all 
cases presented, the IF error build-up is equal to 1/Karce This indicates 
the need for a high AFC gain, which at present has a realizable value of 
1000. The phase build-up is inversely proportional to the product gain 


Ke 


Figure 10 is obtained from Figure 3 in the following manner: (1) the 
local oscillator starting frequency is 700KC and increasing (2) lines are 
drawn with slope 1/Kyro, where Karc is (L.0. gain)(Summer gain) (Discriminator 
gain), for every 10KC change in oscillator frequency (3) IF error build-up 
curves can be constructed by assuming a doppler rate, therefore changing to 
a different slope at the correct time interval, i.e. 100 KC/sec rate changes 
to a new AF line every el seconds. The IF error at 1.3 seconds is obtained 
from Figure 10 for a 100 KC/sec/sec ramp input as 


= transient + 4. 7(107) for a unit ramp input 
error 


= transient + 70 cps for a 100 KC/sec ramp input 


If the gain were a constant the build-up would be 210 cycles/second since 
the slope would be that corresponding toAF= 0. This increase in IF error 
build-up justifies the initial negctive IF offset to allow the large varia- 
tion without exceeding the IF bandwidth. 


The transient will add considerably to the total error. As seen from 
the case 1 the transient is 5.96(1073) {, which in the previous example would 
add 596 cps of error. Therefore the maximum doppler rate is limited and 
clearly illustrates the fact that aided tracking is essential. This is also 
borne out by the fact that the compensation requirement is dictated by the 
time delay which results in a pole at approximately 1 radian in the AFC 
loop and a large IF transient. 
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AIDED TRACKING 


Aided tracking will probably be accomplished by summing a fraction 
of the rear signal with the error signal presented to the local oscillator. 
The data presented in this memo can he used in conjunction with aided 
tracking by merely mitiplying the values for the IF and phase error by 
(1 = x), where x is the fraction of the rear signal used for aided tracking. 


CONCLUSIONS 


The narrow-band system is not adequate for the tracking rates which 
will be encountered unless good aided tracking is used. It has been noted 
that tracking ability has been improved with an increase in 1/Tj,, but 1/T), 
max. is limited by the 1 millisecond time delay. The maximum tracking rate 
obtainable is specified by the maximum phase error (30°). This allows a 
threshold of approximately 50 degrees for noise variations and still maintain 
lock conditions. 
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